Abstract
Introduction
Bone and tooth substitute materials should possess several characteristics, including porosity, pore interconnectivity, mechanical strength, biocompatibility, biodegradability and odonto-/osteogenicity (Ivanovski et al. 2014) . Additive manufacturing, also referred to as three-dimensional (3D) printing, has emerged as a compelling processing technique to fabricate scaffolds with controllable complexity in internal and external architectures (Castilho et al. 2014 , Cheng et al. 2016 . Furthermore, 3D printing allows for scalable and on-demand manufacturing of patientspecific and customized designs, whilst being compatible with many biomaterials and cell sources (Murphy & Atala 2014 , Shie et al. 2017 . Amongst commercially available 3D printing techniques, the most common and affordable one is the extrusion-based bioprinter, which functions by robotically extruding and depositing materials layer-by-layer (Park et al. 2011) . Numerous efforts have been made to construct 3D printed synthetic polymer scaffolds for tissue regeneration (Park et al. 2011 , Poh et al. 2016 . For instance, polycaprolactone is a promising candidate material for 3D printing due to its biocompatibility, biodegradability and mechanical properties (Cheng et al. 2016) . Unfortunately, the hydrophobicity and poor bioactivity of polycaprolactone reduce the efficiency of cell adhesion and growth, resulting in a limited regeneration rate of tissues (Poh et al. 2016) . As a consequence, incorporation of a bioceramic with good bioactivity into polycaprolactone is considered a facile and effective route to enhance the chemical and biological performance of polycaprolactone (Tsai et al. 2017) .
Mineral trioxide aggregate (MTA), a calcium silicate-based restorative cement, has been widely used as a root-end filling material owing to its versatile properties. For example, it has excellent biocompatibility, sealing ability, bioactivity and the ability to promote regeneration of pulp tissue (Hsu et al. 2015) and bone tissue (Nakayama et al. 2005 , Al-Rabeah et al. 2006 , Wang et al. 2014 . In the past decade, numerous studies have been reported on the molecular mechanisms of pulp and bone healing stimulated by calcium silicate-based materials (Shie & Ding 2013 , Wang et al. 2014 . The actual mechanism is still unclear, but evidence that indicates the promoted healing process could be attributed to the apatite-forming ability and the presence of Si ions . Although MTA is considered the gold standard material for clinical use in dentistry, the long setting time, poor handling characteristics and poor mechanical properties encourage innovation in developing calcium silicate-based materials (Grech et al. 2013a ,b, Silva et al. 2016 .
Biodentine, with mechanical properties superior to MTA, has emerged for use in dental applications (Laurent et al. 2012 , Tran et al. 2012 . It has been reported that Biodentine is capable of stimulating the proliferation and odonto-/osteogenic differentiation of human dental pulp cells (Nowicka et al. 2013 , Luo et al. 2014 , human osteoblastic cells (Attik et al. 2014 , Gomes-Corn elio et al. 2017 , and human bone marrow stem cells (Margunato et al. 2015) because of the similarity in the chemical composition of MTA and Biodentine. Thus, the aim of this study was to investigate the physicochemical properties of the Biodentine-incorporated composite scaffolds, as well as to assess whether the composite scaffolds would be a suitable environment for odontogenesis of human dental pulp cells (hDPCs) through monitoring the expression of differentiation markers and mineralization level in hDPCs cultured on the scaffolds.
Materials and methods

Preparation of Biodentine/polycaprolactone scaffolds
To prepare the Biodentine/polycaprolactone composite, reagent grade polycaprolactone (Mw = 43 000-50 000, Polysciences, Warrington, PA, USA) was heated at 120°C for 10 min. Then, Biodentine (Septodont, Saint Maur des Foss es, USA) powder was suspended in ethanol and dropped into molten polycaprolactone and vigorously stirred to achieve the final concentration of 60 wt%. The mixture was stirred and boiled at 120°C until the ethanol evaporated. The composite was then placed in an oven at 100°C for 1 day. The molten composite was placed into a barrel and dispensed through a metallic nozzle at a processing temperature of 95°C with a pneumatic pressure of 500 kPa and a deposition rate of 1 mm s À1 using the bioplotting system (BioScaffolder 3.1, GeSiM, Grosserkmannsdorf, Germany). To fabricate polycaprolactone scaffold, polycaprolactone was placed in a barrel and was heated at 100°C for 30 min. It was dispensed through the nozzle at 95°C with a pressure of 500 kPa and a deposition rate of 5 mm s À1 . A total of seven struts with a diameter of 500 lm were printed in parallel with a gap of 500 lm between the struts. Subsequent layers were printed at an angle of 90°with the underlying layer.
Mechanical testing and characterization of scaffolds
The compressive strength of the scaffolds was measured on an EZ-Test machine (Shimadzu, Kyoto, Japan) at a loading rate of 1 mm min
À1
. The maximum compressive load at failure was obtained from the recorded load-deflection curves. Three independent measurements were carried out and the data were expressed as mean AE SD. The phase composition of the scaffolds was conducted by an X-ray diffractometer (XRD; Bruker D8 SSS, Karlsruhe, Germany), operated at a scanning speed of 1 o /min. The specimens were sputter-coated with platinum and visualized with a scanning electron microscope (SEM; JSM-6700F, JEOL) under the lower secondary electron image mode at a 3 kV acceleration voltage.
In vitro soaking
The scaffolds were soaked in a simulated body fluid (SBF) solution at 37°C. The SBF solution was similar to ionic components in human blood plasma and consisted of 7.9949 g of NaCl, 0.2235 g of KCl, 0.147 g of K 2 HPO 4 , 0.3528 g of NaHCO 3 , 0.071 of g Na 2 SO 4 , 0.2775 g of CaCl 2 and 0.305 g of MgCl 2 • 6H 2 O in 1000 mL of distilled H 2 O. The pH was adjusted to 7.4 with hydrochloric acid and trishydroxymethyl aminomethane (Tris). After soaking for different time periods, the scaffolds were removed from SBF, washed with distilled water, and dried at 45°C for 1 day to investigate the microstructure and compressive strength of the samples. In the meantime, the concentration of Ca, Zr, and Si ions in each release medium was analysed using an inductively coupled plasmaatomic emission spectrometer (ICP-AES; Perkin-Elmer OPT 1MA 3000DV, Shelton, CT, USA). The data of mechanical strength and ions release provided for each group were the mean of three independent measurements.
Isolation and culture of hDPCs
The hDPCs were freshly harvested from caries-free, intact premolars, which had been extracted for orthodontic purposes with the approval of the Ethics Committee of the Chung Shan Medicine University Hospital (CSMUH No. CS14117). Briefly, the teeth were split sagittally with a chisel. The pulp tissue was then immersed in a phosphate-buffered saline (PBS; Caisson, North Logan, UT, USA) containing 0.1% collagenase type I (Sigma-Aldrich, St Louis, MO, USA) for 30 min at 37°C. The isolated hDPCs were suspended in Dulbecco's modified Eagle medium (DMEM; Caisson), supplemented with 20% foetal bovine serum (FBS; GeneDireX) and 1% penicillin (10 000 U mL À1 )/streptomycin (10 000 mg mL À1 ) (Caisson). Then the cells were cultured in a humidified atmosphere with 5% CO 2 at 37°C. The culture medium was refreshed every 3 days. The odontogenic differentiation medium was DMEM supplemented with 10 À8 M dexametha-
(Sigma-Aldrich) and 2.16 g L À1 glycerol 2-phosphate disodium salt hydrate (Sigma-Aldrich). hDPCs at passages 3-8 were used for the further experiments.
Cell proliferation
Before being cultured with cells, all scaffolds were sterilized by immersing them in 75% ethanol and exposing them to UV-light for 1 h. After washing with PBS, hDPCs were suspended in the odontogenic differentiation medium with a density of 10 4 cells mL À1 and were seeded on the scaffolds. Cell viability was assessed using the PrestoBlue â assay (Invitrogen, Grand Island, NY, USA), which is based on the detection of mitochondrial activity, after culturing for 1, 3, and 7 days. 30 lL of PrestoBlue â reagent and 270 lL of DMEM were added to each well and incubated for 30 min. 100 lL of the solution in each well was transferred to a 96-well microplate. The absorbance was read in a multiwell spectrophotometer (Infinite Pro M200, Tecan Austria Gesellscha, Salzburg, Austria) at 570 nm with a reference wavelength of 600 nm. Cells cultured on the tissue culture plate were used as a control (Ctl). The data provided for each group were the mean of three independent measurements.
Odontogenic differentiation
The performance of odontogenic differentiation of hDPCs cultured on the scaffold was determined by measuring alkaline phosphatases (ALP) activity and secretion of osteocalcin (OC) protein by cells using a TRACP & ALP assay kit (Takara, Shiga, Japan) and an OC enzyme-linked immunosorbent assay kit (ELISA; Invitrogen), respectively. For ALP activity, cells cultured on each scaffold for 3 and 7 days were lysed by incubating the cells with 100 lL of 1% NP-40 for 15 min. The supernatant was reacted with equal volume of 12.5 mM p-nitrophenyl phosphate (pNPP; Sigma-Aldrich) at 37°C for 1 h. The reaction was stopped by adding 45 lL of 0.5 M NaOH and read at 405 nm using a microplate reader. The release of OC in culture medium after culturing for 7 and 14 days was measured using an ELISA kit according to the manufacturer's instructions. The concentration of OC proteins was measured by correlation with a standard curve. Analysis of a blank well was used as a reference for absorbance. The data provided for each group were the mean of three independent measurements.
Calcium deposition
The hDPCs cultured on the scaffold surfaces were stained with Alizarin Red S to examine mineralized nodule formation and calcium deposition. Briefly, the cells cultured on scaffolds for 3, 7, and 14 days were fixed with 4% paraformaldehyde (SigmaAldrich). After 15 min, the specimens were incubated in 0.5% Alizarin Red S (ARS; Sigma-Aldrich) at pH 4.0 for 15 min at room temperature. To quantify the amount of calcified nodules on the scaffold, 1.5 mL of 5% SDS in 0.5 N HCl was used to dissolve the ARS absorbed on the specimen. After 30 min, the supernatant was transferred to a new 96-well plate, and the absorbance at 450 nm was measured by a microplate reader. The absorbance of ARS-stained specimens without culturing cells was used as reference absorbance. The data provided for each group were the mean of three independent measurements.
Statistical analysis
A one-way analysis of variance (ANOVA) was used to evaluate the significance of the differences between the means in the measured data. A Scheffe's multiple comparison test was used to determine the significance of the deviations in the data for each specimen. In all cases, the results were considered statistically significant if the P-value < 0.05.
Results
Mechanical properties and characterization of scaffolds
A layer-by-layer plotted composite scaffold was fabricated in which 60 wt% Biodentine was mixed with polycaprolcatone. Figure 1a shows a typical compressive stress-strain curve for the composite scaffold at a constant compressive rate of 1 mm/min
À1
. The results indicate that the compressive strength of the scaffold was about 6.5 MPa. As seen in Fig. 1b , typical characteristic peaks of polycaprolactone located at 2h of 21.4°and 23.7°appeared (Zhang et al. 2014) . Peaks at 28.2°, 29.4°, 32.1°, and 34.2°c ould be assigned to the presence of zirconium oxide, calcium carbonate, tricalcium silicate (C3S), and calcium hydroxide, respectively, which would be in agreement with a previous study (Grech et al. 2013a,b) .
Apatite formation of scaffolds
The SEM micrographs of the 3D-printed composite scaffolds before and after soaking in SBF are shown in Fig. 2 . The size of the struts and pores in the scaffold measured by the SEM images were about 500 lm and 550 lm, respectively (Fig. 2a) . Numerous spherical precipitates can be observed on the surface of the composite scaffold after soaking in SBF for 12 h. After 7 days, the precipitated apatite layer had a denser structure. These results illustrated that the composite scaffolds are capable of assisting the nucleation and growth of apatite spherule aggregates while exposure to SBF. Figure 2b reveals the evolution of compressive strength of the composite scaffolds as a function of immersion periods. The results demonstrate that the compressive strength of the scaffolds increased with increasing immersion period, and continuously decreased after being immersed for 15 days. In Fig. 2c , the Ca, Zr, and Si ions release kinetics from the scaffolds after in vitro soaking experiments at each time periods are shown. It was observed that the concentration of Ca in SBF was decreased from 1.4 mM to 0.92 mM after soaking for 24 h, and it would decrease to 0.74 mM with a reduced exhaustion rate at an immersion period of 144 h. In contrast, the concentration of Zr from 0.19 mM at 24 h of immersion period to 0.29 mM at 144 h. Of note, a faster release kinetic was obtained in Si ion in comparison with the release profile of Zr ion. Approximately 2 mM of Si ion could be detected in the SBF after being immersed for 144 h.
Cell proliferation
The cell proliferation on the polycaprolactone and composite scaffolds was conducted by the PrestoBlue â assay. In Fig. 3 , the results indicate that hDPCs cultured on all groups share similar trends in proliferation, where absorbance was increased with the increased culture period. It is worth noting that the absorbance of hDPCs cultured on the composite scaffolds was significantly higher than that on control and polycaprolactone at each time point (P < 0.05).
The absorbance values of cells cultured on the composite for 1, 3, 7 days were 1.7, 1.5, and 1.3 times higher than that on control, respectively. In addition, negligible difference was found between control group 0 day 0.5 day 7 day and polycaprolactone at 1, 3, and 7 days culturing (P > 0.05).
Osteogenic differentiation
To determine the osteogenic differentiation hDPCs on the scaffolds, ALP and OC were employed as the osteoblastic differentiation makers. As shown in Fig. 4a , the ALP activity of cells cultured on all groups was increased with the increasing culture period. Additionally, the intracellular ALP activity of cells cultured on the composite scaffolds was significantly higher than that on control and polycaprolactone at both 3 and 7 days (P < 0.05). The ALP levels of cells cultured on the composite scaffolds for 3 and 7 days were 1.5 and 1.3 times higher than that on control, respectively. However, there are no significant differences between control and polycaprolactone (P > 0.05). The results of OC protein secretion at culture period of 7 and 14 days are shown in Fig. 4b . The results indicated that the levels of OC secretion from cells cultured on polycaprolactone at cultured period of 7 and 14 days were 1.5 and 1.4 times greater than that on control without significant differences (P > 0.05), respectively. Similar to the results of ALP activity, a significantly higher level of OC secretion was found on the composite scaffolds than other groups (P < 0.05) after 7 and 14 days culturing. To more fully assess the role of Biodentine in osteogenesis, the mineralization ability of hDPCs cultured on polycaprolactone and the composite scaffolds was examined. Fig. 4c shows the photographs of ARSstained hDPCs cultured on different scaffolds for 3, 7, and 14 days. The results revealed that the ARSstained polycaprolactone scaffolds appeared pink-pale red colour regardless of the culture periods. In contrast, it could be clearly observed that the amount of calcium nodules deposited on the surface of the composite scaffolds increased over time. The quantitative analysis demonstrated that the level of deposited calcium of cells cultured on the composite scaffolds at culture periods of 3, 7, and 14 days were 6.0, 11.7, and 9.2 times higher than that on polycaprolactone (P < 0.05), respectively. These results illustrate that the composite scaffolds might exhibit the ability to stimulate the mineralization of hDPCs.
Discussion
Three-dimensional printing techniques use a variety of software, computer controls, and biomaterials to directly fabricate stacks of 2D structures, which are obtained by slicing a 3D computer-aided design (CAD) file. It successively connects the stacks layer-by-layer to build up a 3D spatially organized construct. This strategy, which allows significant flexibility towards fabricating customized substances with complex inner structure, has emerged as a promising tissue engineering approach for building bone tissue constructs (Murphy & Atala 2014) . In this study, the biodentine/polycaprolactone composite scaffolds were manufactured for hard tissue regeneration. polycaprolactone can provide printability and structural integrity of the scaffold, and Biodentine favours the formation of chemical bonds with osteogenic and odontogenic progenitor cells. The optimal pore size in tissue engineered scaffolds for hard tissue regeneration is still controversial. However, several studies have suggested that scaffolds with the pore size greater than 300 lm revealed a greater tendency towards cell and tissue penetration than those with smaller pores (Murphy et al. 2010 , Mohanty et al. 2016 . In this regard, the pore size of the composite scaffolds was designed to be about 500 lm, which was considered suitable for the mass transportation of nutrient and waste. The XRD patterns verified that the scaffolds were composed by Biodentine and polycaprolactone (Fig. 1a) . Of note, the composite scaffolds exhibited a compressive strength of 6.5 MPa, Figure 3 Proliferation of hDPCs cultured on the composite scaffolds (n = 3). *significant difference (P < 0.05) from Ctl group. which can match the requirement of human cancellous bone (2-12 MPa) (Ramay & Zhang 2004) . However, Young's modulus of the composite scaffold (~20 MPa) is not yet comparable with native cancellous bone (50-500 MPa) (Henkel et al. 2013) . It was demonstrated that the mechanical properties of the polymer/ceramic composite system were dependent on the interlocking ceramic particles and polymer matrix, and that the presence of imperfections in the highly-filled polymer system would result in a weaker interfacial bonding strength. This implies that a chemical linkage between Biodentine and polycaprolactone should be involved in the composite system to better strengthen the interfacial bond (Wang 2003) . It is well documented that the CS-based bioceramics exhibit excellent bioactivity, which can rapidly induce the formation of a bone-like apatite layer on the surface in vitro and in vivo to provide a suitable environment for the attachment and growth of odontogenic cells (Cheng et al. 2016 , Li et al. 2016 , Huang et al. 2017 . To evaluate the bioactivity of the composite scaffolds, the apatite-forming ability of the scaffold immersed in SBF was considered the indicator of the bioactivity. As shown in Fig. 2a , a layer of apatite spherules was precipitated on the surface of the scaffold after immersion in SBF for 12 h, and the apatite spherules would further aggregate to form a denser and thicker apatite layer with immersion time. Interestingly, the immersion experiments revealed a positive effect on the reinforcement of the compressive strength. It increased gradually over a 15-day period of immersion in SBF. The self-reinforcement behaviour could be attributed to the hydration reaction of the Biodentine that was triggered in the high-filled polymer system whilst exposing it to the aqueous medium (Grech et al. 2013a,b) . To better understand the mechanism of the apatite-forming ability of the scaffolds, the ion products released from the scaffolds were measured. The results suggested that the incorporated Biodentine might be exposed on the surface and could directly contact SBF, leading to the release of ions from Ca(OH) 2 , ZrO 2 , and C3S. The presence of Si-OH functional groups in Biodentine would serve as the nucleation sites of apatite, which would be responsible for rapidly consuming the Ca ions in the SBF, or those released from Biodentine to form an apatite layer until a thermodynamically stable apatite layer was precipitated. It has been reported that the total in vivo degradation time of polycaprolactone is longer than 2 years (Sun et al. 2006) . However, the incorporation of bioceramics in polycaprolactone would accelerate the degradation rate of the composite, which could be the explanation for the reduced compressive strength of the composite scaffold after immersion in SBF for 2 months (Ji et al. 2015 .
Biodentine has emerged as an alternative to MTA in several clinical situations. As other calcium silicatebased materials, Biodentine is capable of stimulating the osteo-/odontogenic differentiation of osteo-/odontogenic cells (Nowicka et al. 2013 , Attik et al. 2014 , Margunato et al. 2015 . In this study, the biological performance of the composite scaffolds on directing the fate of hDPCs was assessed by examining the proliferation and production of odontogenic markers and the mineralization of cells cultured on the scaffolds. The results of the PrestoBlue â assay revealed that the composite scaffolds had good cytocompatibility, and the porous structure can apply more space for cell proliferation in comparison with a flat tissue culture plate. More importantly, the results provide evidence to show the positive effects of the presence of Biodentine on ALP activity and OC protein secretion, which are associated with the mineralization of hDPCs (Zanini et al. 2012) . Additionally, ARS staining indicates that the level of mineralization nodule formation increased with the increasing culture period, which is consistent with the previous finding that calcium silicate-based materials promote the differentiation and mineralization of hDPCs (Laurent et al. 2012 , Luo et al. 2014 . Although the mechanism of the composite scaffolds-induced differentiation and mineralization of hDPCs is not clear yet, it seems reasonable to postulate that the release of ionic products from Biodentine, together with the apatite-forming ability, might play vital roles in manipulating the differentiation and mineralization of hDPCs (Chen et al. 2015 . Considering the excellent bioactivity and biological performance of the composite, the bioactive scaffold fabricated with 3D printing techniques could be a suitable scaffold for guiding dental and bone regeneration.
Conclusions
Three-dimensional Biodentine/polycaprolactone composite scaffolds with interconnected square pores the size of 550 lm were successfully fabricated with an extrusion-based 3D printer. The incorporation of 60 wt% of Biodentine into polycaprolactone can increase the in vitro bioactivity, as well as the proliferation and odontogenic differentiation of hDPCs. Taken together, these results suggest its potential application for dental and bone regeneration.
